The concept of recovering minerals from seawater has been proposed as a way of counteracting the gradual depletion of conventional mineral ores. Seawater contains large amounts of dissolved ions and the four most concentrated metal ones (Na, Mg, Ca, K) are being commercially extracted today. However, all the other metal ions exist at much lower concentrations. This paper reports an estimate of the feasibility of the extraction of these metal ions on the basis of the energy needed. In most cases, the result is that extraction in amounts comparable to the present production from land mines would be impossible because of the very large amount of energy needed. This conclusion holds also for uranium as fuel for the present generation of nuclear fission plants. Nevertheless, in a few cases, mainly lithium, extraction from seawater could provide amounts of metals sufficient for closing the cycle of metal use in the economy, provided that an increased level of recycling can be attained.
Introduction
The progressive depletion of high grade ores is gradually forcing the extractive industry to move to lower grade ores. These low grade ores are often more abundant in terms of theoretically recoverable amounts, but are more expensive in terms of the energy needed for extraction. This progressively increasing requirement generates lower economic returns. As a consequence, supplying the economy with a steady flux of minerals at reasonable costs is already becoming a problem for some minerals [1] [2] [3] and may become so for more minerals in the future. This phenomenon has been modelled, e.g., in [4] .
OPEN ACCESS
In the case of fossil fuels the problem is similar and it is referred to as one of declining EROEI (energy return for energy invested) [5] .
The oceans contain immense amounts of dissolved ions which, in principle, could be extracted without the complex and energy intensive processes of extraction and beneficiation which are typical of land mining. In addition, an important fraction of the minerals which are lost as waste at the end of the economic process end up in the sea as dissolved ions. In this sense, the oceans could be considered an infinite repository of materials that could be used for closing the industrial cycle and attain long term sustainability.
Minerals have been extracted from seawater from remote times, the classic example being sodium chloride, the common table salt. Today, the four most concentrated metal ions in seawater (Na, Mg, Ca and K) are commercially recovered. Several attempts have been made to extend this range but, so far, with no success. Mining seawater had become popular during the "oil crisis" of the 1970 and a considerable body of knowledge had been gained with the studies performed at the time. But, with the end of the crisis, these attempts were abandoned. Today, history repeats itself and the great surge in commodity prices of the early years of the 21st century has generated new interest in mining seawater.
This paper examines the perspectives of extracting metals from seawater mainly from the viewpoint of the energy involved. The analysis takes into account two possible strategies of extraction; one is pumping seawater through a selective membrane, the other dropping the membrane into the sea and exploiting the natural marine current to bring metal ions to the active membrane sites. Of the two methods, the first is more costly in terms of energy; the second is more complex and less efficient in terms of the use of the membrane. A specific benchmark in this analysis is that of the extraction of uranium, which can be used as energy source in fission reactors, since the future availability of mineral uranium from land mines has been questioned in several studies [6] [7] [8] . In this case, the critical parameter is EROEI.
The results of the energy analysis show that uranium extraction from seawater is an unfeasible process if carried out in connection with the present nuclear technology. For the other ions contained in seawater, energy remains a critical parameter determining the feasibility of extraction. The results show that for most ions dissolved in seawater, the energy involved in extraction is very large in comparison to the present world production. Therefore, using metals from seawater to offset ore depletion does not appear to be feasible, with lithium being a possible exception.
Results and Discussion

Minerals in Seawater
Open ocean water contains dissolved salts in a range of 33 to 37 g/L, corresponding to a total mass of some 5 × 10 16 tons for a total mass of water of about 1.3 × 10 18 tons. Extraction from this huge source is theoretically promising and has been considered in several studies performed in the 1970s [9, 10] . The interest in mining the oceans is especially evident if we compare the amount of dissolved minerals to the total mass of minerals extracted today in the world; estimated to be in the order of a hundred billion tons (1 × 10 11 tons) per year [11] .
In the present work, we will consider only metals which appear normally as positive ions dissolved in seawater. The four most concentrated metal ions, Na + , Mg
2+
, Ca 2+ and K + , are the only ones commercially extracted today, with the least concentrated of the four being potassium (K) at 400 parts per million (ppm). Below potassium, the next metal ion in order of decreasing concentration is lithium; at a value more than three orders of magnitude lower: 0.17 ppm. Noble metals and refractory metals exist in seawater at the opposite side of the concentration spectrum; in many cases in such minute concentrations that are impossible to determine with certainty. The concentration of ions in seawater depends mainly by two factors: their crustal abundance and the existence of water-soluble species. These two constraints account for the spread in the concentration values. As an example, thorium and uranium are both usable as fuel for fission plants, but uranium exists in seawater at concentrations about four orders of magnitude larger than thorium. This is due to the different chemistry of the two ions. Thorium is present mainly as scarcely soluble hydroxide, whereas uranium exists as the much more soluble uranyl carbonate complexes [12] [13] [14] . Table 1 lists the seawater concentrations and total amounts of some metal ions. The amounts available in seawater are compared with the land reserves listed by the United States Geological Survey (USGS) [15] . The reserves are mineral sources reasonably homogeneous in terms of composition, so it makes sense to compare reserves to the amount of ions dissolved in seawater, which is also a homogeneous resource in terms of composition. "Mineral resources", the other concept commonly used in this field, often implies a different composition and different geological and or technological constraints. Also note that the concept of "reserves" may be a realistic estimate of what we can actually extract from land mines [3] . Table 1 shows the presence of huge amounts of minerals in the sea, in most cases considerably larger than the estimated reserves on land. Seawater element concentrations are taken from [16] . Oceanic abundance is calculated assuming a total ocean volume of 1.3 × 10 9 km 3 (1.3 × 10 18 tons). Mineral reserves are from USGS data [15] except for uranium reserves; for which two values are given, the smaller one from [8] and the larger one from [6] . The USGS [15] does not provide data for the world reserves of sodium and calcium. All land reserves are in terms of the pure element, except for aluminium, iron, potassium, thorium and titanium, given in terms of oxides. The table does not list elements contained in extremely minute traces in seawater. Thorium is shown as an exception, because of its potential importance as nuclear fuel, although obviously the value reported only suggests an order of magnitude.
Extraction Techniques
Traditionally, the most concentrated ions in seawater (e.g., minerals such as sodium chloride) were concentrated and extracted from seawater by evaporation. Ions such as Mg or K can subsequently be recovered by electrolytical processes. These methods are not practical for low concentration ions, for which the most general extraction method is to pump seawater through a membrane containing functional groups that selectively bind to the species of interest. No known membrane is 100% selective, but it is possible to create membranes that can retain a small number of species. The adsorbates can be extracted from the membrane by flushing it with appropriate chemicals, a process called "elution". After this stage, the metal ions can be separated and recovered by precipitation or electrodeposition.
The scientific literature reports only two recent cases of experimental tests of extraction from the sea of ions other than the four most concentrated ones: lithium [9] and uranium [10, 17] . None of these attempts led to the development of commercial processes.
The problem with extracting minerals from seawater lies in the huge amounts of water that need to be processed. Table 2 shows an estimate of these amounts Table 2 . The masses of seawater that must be filtered in order to obtain the elements of technological interest at present traditional mining production scale. elements at an optimistic assumption of 100% efficiency of the filtering membrane. Seawater elements concentration are from [16] . Oceanic abundance is calculated assuming a total ocean volume of 1.3 × 10 9 km 3 . Mineral production data are from [15] except for uranium data, which is from [8] . In this case, the value reported is the total uranium consumption rather than the mineral production, which is about 2/3 of the total.
Element
In examining the table, consider, as a comparison, that the total volume of water desalinated today is in the order of ten billion tons ( [18] reports a value of 1.6 × 10 10 tons). Even for the most favourable case, lithium, the table shows that the amount of water to be processed is at least ten times larger. Moving these enormous amounts of water is not just a practical problem; it involves energy. This parameter is especially critical if we consider the extraction of two elements that are to be used as energy sources: lithium and uranium. Uranium, in the form of 235 U, is the fuel of the present generation of nuclear fission plants. Lithium, in the form of the 6 Li isotope, could be a source of tritium, which can be used as fuel for a future generation of fusion power plants. In both cases, the feasibility of extraction is determined by the energy needed according to the well-known concept of EROEI [5] . The case of uranium will serve as a benchmark for evaluating the feasibility of extraction of all the other elements.
Uranium Extraction from Seawater
The present supply of mineral uranium is only in part (about 60%) guaranteed by mineral sources; the rest is being obtained from stockpiled uranium resources derived in large part from dismantled atomic warheads [8] . Increasing uranium production from land mines would require large investment and, eventually, the increasing energy requirement of uranium extraction from low grade ores could make the whole activity self-defeating [7, 8] . To give some idea of the requirements, consider that a 1 GWe nuclear plant needs about 170 tons of natural uranium per year, or 6 grams per second.
As shown in the previous section, the amount of uranium theoretically available in the oceans is more than sufficient to stave off all worries of shortages for a long time. The development of a synthetic membrane able to selectively recover uranium from seawater [19] was an important step forward in this field, and it led to experimental tests performed in the 1990s by researchers of the Japanese Atomic Energy Agency (JAEA). In a series of experiments apparently performed in 1996-1997, a few grams of uranium oxide were actually recovered from seawater, although scant data were reported on the process and methods utilized [17] . Later results obtained using braided fiber as adsorbent are reported in a web page in the JAEA site [20] . Reports about studies on this field have appeared in press releases from JAEA but it does not appear that, at present, there exists an active experimental program of uranium extraction from seawater.
A complete evaluation of the results of the JAEA research program is not possible, at present, for the lack of sufficient data. However, we can develop an approximate evaluation of the EROEI of uranium extraction from seawater considering that, from Table 2 , we would need to process at least 2 × 10 13 tons of water every year in order to produce enough fuel for the present fleet of nuclear reactors. This amount is more than one thousand times the amount of water desalinated today and that gives an idea of the size of the task. Another way of appreciating the size of this mass of water is to consider that it is about the same as that of the whole North Sea. In order to process this mass of water, there are two possible strategies: one is to actively pump seawater through the membrane, the other to simply drop the membrane in the sea and wait for the metal ions to migrate to the active sites. In both cases, energy is needed for a variety of operations: building infrastructure, moving the membranes, manufacturing them, etc. We do not have enough data for a step-by-step evaluation of the energy necessary, but we can estimate its order of magnitude by comparing with known processes.
Pumping water through a membrane requires energy mainly because of the viscosity of water. This effect is described by Darcy's law, which says that the energy required to flow water through a porous membrane is inversely proportional to a parameter called "permeability". A finer membrane (e.g., sand) has a lower permeability than a coarse membrane (e.g., gravel). The permeability of a uranium extraction membrane is not reported in available studies and it is probably not even known at the present stage. However, we can estimate the energy involved by comparing with a similar known process: desalination by reverse osmosis, where water is also pumped through a membrane just as it would be done for uranium extraction.
The energy involved in desalination by reverse osmosis is normally reported as in the order of 2-4 kWh/ton. A recent study [21] reports a "state of the art" value of 2.5 kWh/ton. For uranium separation, membranes cannot have a too different value of the permeability and, therefore, the energy needed cannot be too different. On this basis, we can calculate the EROEI of the process. Consider that the present worldwide production of nuclear energy is about 2.5 × 10 3 TWh (terawatt-hour) per year [7] and that we need to process 2 × 10 13 tons of water per year (see Table 2 ) to produce a sufficient amount of uranium. Therefore, the "energy density" of seawater in terms of energy that can be produced by the present nuclear technology is about 0.1 kWh/ton. If we need 2.5 kWh/ton for extraction then the EROEI is less than 0.1 and the process has no practical interest as a source of fuel for fission plants. This result agrees with previous estimations based on different considerations that led to the same conclusion [9] . The second possible strategy of extraction is to drop the membrane into the sea and wait for currents or thermal diffusion to bring the uranium to the adsorbing sites. This method avoids the energy cost of pumping. Yet, it is also a less efficient way to use the membrane. As a consequence, we need a larger mass of membranes, a larger infrastructure, and we need to move the membranes in and out of the sea, all of which incurs energy costs.
We can examine the feasibility of the process using an order of magnitude estimate. As before, we see from Table 2 that we need to process at least 2 × 10 13 tons of water per year to produce enough uranium for the current park of nuclear reactors in the world. To process this amount of water, we must rely on oceanic currents to move water through the membranes. In marine science, current strength is sometimes measured in "Sverdrups", a unit that corresponds to one million tons of water per second, or 3 × 10 13 tons of water per year. So, 1 Sverdrup is almost exactly the flow of seawater that carries enough uranium for the present needs of the world's nuclear plants. Some oceanic currents are reported to be much stronger than 1 Sverdrup. For instance, perhaps the strongest current in the world is the Antarctic Circumpolar Current (ACC) which corresponds to about 135 Sverdrups. But the average depth of the Southern (Antarctic) Ocean is around 3,000-4,000 m, and the area is highly hostile to human activities. Anchoring there millions of tons of adsorbing membranes, together with all the processing facilities, is simply unthinkable. A more realistic possibility is the Strait of Gibraltar which carries a current of about 1 Sverdrup. Damming the strait in order to produce energy had already been proposed by Herman Sorgel in the 1920s with his concept of the "Atlantropa" dam. Of course, damming the strait would be an environmental disaster of a magnitude that is difficult to even estimate. However, we might think of intercepting 10% of the currents of the Gibraltar strait causing (perhaps) not too high environmental problems. In this case, the system would provide about 10% of the uranium fuel needed today in the world. For the current needs of the nuclear industry, we would need the equivalent of 10 Straits of Gibraltar; in practice many more, because the process could not be 100% efficient. In order to match the present world's demand of electricity, we would need at least 60 equivalent straits, more likely at least a hundred. A larger number would be needed if we were to increase electric power production to match the presently produced energy from fossil fuels. It seems unlikely that there could exist hundreds of sites in the world that might be considered equivalent to the Strait of Gibraltar in terms of marine currents and vicinity to land. In any case, the environmental impact of the task would be enormous and beyond imagination.
These considerations provide us with a certain perspective of the size of the process we are examining. From here, we can move to the evaluation of the critic parameter of the process: EROEI. Again, we lack sufficient data for a quantitative analysis of the process, but we can compare with a similar process: oceanic fishing.
From data about the energy expenditure of the fishing industry [22] we can estimate that the industry uses fuel for about 7 kWh for each kilogram of fish recovered. Another estimate derives from knowing that the total world fish catch in 2003 was of 90 million tons (9 × 10 10 kg) per year [23] , while the total amount of fuel used by the world's fishing fleet in 2005 was of some 14 million tons of diesel fuel [24] (2 × 10 11 kWh, considering that the energy content of diesel fuel is 43 GJ/ton). The result is about 2 kWh of energy per kilogram of fish landed. These are rough estimates that only take into account the fuel cost. Yet, it is known that fuel is the main energy expenditure involved in ocean fishing. So, a mid-range value of 5 kWh/kg cannot be too far off in terms of the energy cost of extracting something from the open sea and bringing it back to land. Now, we have to consider a process where membranes for uranium extraction are carried at sea, submerged for a while, raised, brought back to land for processing, and then the cycle is repeated. From the data reported in [17] we can calculate that we need about 300 kg of membrane per kilogram of uranium extracted per year. We also read in the paper that the membranes were "pulled out of seawater using a crane ship every 20 to 40 days". In other words, the membranes have to be brought back to the elution facility every month or so. Recovering one kilogram of uranium, therefore, would require processing at least 3 tons of membranes per year. For the present worldwide uranium demand (6.5 × 10 4 tons/year), 2 × 10 8 tons of membrane need to be processed every year; considerably larger than the weight of the total catch of today's fishing industry (9 × 10 7 ). This is another indication of the colossal size of the task. But the important parameter is the energy involved. Using the ratio of 5 kWh/kg for energy expenditure in fishing, and assuming the yield and the conditions reported by Seko [17] , we can calculate a total energy expenditure of about 1 × 10 3 TWh/year for processing the membranes to give sufficient amounts to fuel the present needs of the nuclear industry. This is close to the total energy that could be produced by the extracted uranium, ca. 2.5 × 10 3 TWh/year [7] . An energy gain (EROEI) of 2.5 is larger than unity, but it is too low for the process to be of practical interest. We need also to consider that these membranes are synthetic chemicals that would be obtained starting from crude oil or natural gas, and that the crude oil used as feedstock is lost as an energy source. We can make a rough evaluation of this energy considering that, as an educated guess, we may consider a yield of 30% in the synthesis process and conclude that we need about one ton of crude oil as the feedstock for 300 kg of membranes [17] able to produce 1 kg uranium per year. Since crude oil has an energy content of about 12 kWh/kg, we would be using an equivalent of some 12 MWh that, if used in a high efficiency combined cycle gas turbine, would produce about 6 MWh of electric power. One kilogram of uranium in a nuclear fission plant can generate about 40 MWh of electric power, so the result is an overall gain only if the membranes can last for a few months at least, but the energy involved in manufacturing the membranes is not negligible, and it would negatively impact the overall EROEI of the process.
Of course, there is a high level of uncertainty in these calculations. On the one hand, we need to consider that it is possible to improve the efficiency of extraction process using braided membranes and working at higher sea temperatures [25] . We might also build floating processing facilities in order to reduce the transportation costs. On the other hand, the EROEI calculation refers only to the fuel expenditures. To that, we still need to add all the costs for the infrastructure, for the chemicals used in elution, for the energy needed to recover the species of interest, etc.
We can conclude that uranium extraction from seawater has a low EROEI. The process is almost certainly unfeasible (EROEI less than one) if carried out by pumping seawater through an adsorbing membrane. The EROEI is also likely too low to be of interest for a process where membranes are dispersed in the sea, not to mention that in both cases, the environmental damage associated with extraction would be huge.
Lithium and Other Minerals
The case of uranium can be used as a benchmark for evaluating the perspectives of extracting all other elements. First of all, we should consider lithium, which is the most abundant ion in the sea after the four ones commercially extracted at present (Na, Mg, Ca and K). Lithium is used for a variety of technological applications, including batteries for vehicles. One of the lithium isotopes, 6 Li, could be transformed into an isotope of hydrogen, tritium, which in turn could be the fuel of a future generation fusion reactor. The uncertainties involved in the operation of a future commercial fusion reactor are very large. Nevertheless, it is crucial to understand whether fuel availability for such reactors will be a critically limiting factor. Fasel and Tran [26] estimate that a water-cooled lithium-lead breeder blanket reactor of 1.5 GWe power will need 787 tons of lithium per year. Other possible technologies are considered in the study, but this one seems to be the closest to a future fusion technology. This reactor could produce 12 TWh of energy per year. From the data in Table 2 , we see that to produce 800 tons of lithium, we need to process 4 × 10 9 tons of seawater. In other words, the "energy density" of seawater in terms of fusion plants would be about 3 kWh/ton, more than an order of magnitude larger than it is in terms of fission plants (0.1 kWh/ton). If efficient selective membranes for lithium adsorption can be developed, the energy involved in extraction would likely be about the same as for uranium, but we would need ten times less water for the same amount of lithium, hence ten times less energy. Extraction by active pumping would still be a poor prospect in terms of EROEI, but submerged membranes might achieve good values of the EROEI. This result is highly uncertain in view of the lack of knowledge on the characteristics of future fusion reactors, nevertheless it is possible at least to state that lithium extraction from seawater cannot be ruled out as a source of fuel.
Lithium is also an essential element for a new generation of batteries, especially for road vehicles. Tahil [27] studied the availability of mineral lithium if we were to substitute the present vehicle fleet with vehicles based on lithium batteries, and concluded that, in the long run, we would face a lithium shortage if the present growth trends were maintained. Therefore, extraction from seawater might be an important method to supply lithium for the growing needs of the transportation industry. From Table 2 we see that if we were to get the present lithium mineral production by filtering ocean water through a membrane, we would need around 1.5 × 10 3 TWh, which is less than 10% of the present world production of electric power (ca. 2 × 10 4 TWh per year). It is a large amount but not unconceivable. Using submerged membranes, we would be able to substantially reduce that amount of energy, perhaps of one order of magnitude. Finally, if we were to use lighter and more efficient vehicles, we would further reduce the amount of lithium needed. In any case, we do not need to consider the sea as the sole source of the lithium we use. Recycling what we use would considerably reduce needs. The recycling of battery materials is a well-known process; with lead batteries being today recycled at a rate of approximately 90% [28] , so it is reasonable to think that the same level of recycling could be attained for lithium. Although it will never be possible to recycle at the 100% level, lithium from seawater could provide the amount lost in inefficient recycling, provided that it can be maintained at the level of a few percents of the total. If, for instance, we were able to recycle lithium at 99%, we would need only 1% of the present supply from seawater. That would correspond to an energy expenditure of just 0.1% of the present worldwide power production. In this case, therefore, the oceans could act as an "infinite reservoir", allowing the industrial system to close the production cycle and generating a sustainable supply for the economy, in principle, forever.
Unfortunately, this strategy appears feasible only for the case of lithium. For all other elements listed in Table 1 , extraction from seawater in sufficient amounts is impossible or at least extremely difficult. Consider copper as an example. Recovering from the sea the current yearly production would require processing ca. 2 × 10 16 tons of water. If we take the value, calculated for uranium, of 1 kWh/ton of energy needed for filtering water through a membrane, the total energy needed amounts to 2 × 10 8 TWh, four orders of magnitude larger than the current yearly production of electric energy. Even if we were able to manage so much energy, the total amount of copper that exists in the oceans is only about 50 times the current yearly production (see Table 2 ). So, in 50 years we would run out of copper from seawater, even if we were able to filter all the water in the planet's oceans. Consider a different approach: what amounts of minerals could be recovered in practice if we were to extract them from the brine produced by the existing desalination plants? In that case, processing 1 × 10 10 tons of water would produce only about the 0.001% of the present world's copper production. At present, copper is recycled at around 76% in the USA and about 47% worldwide [29, 30] . In order to make copper production from seawater significant, we would need to increase this ratio to levels totally impossible for the world's industrial system as it is today. The situation is better for some other elements such as vanadium, cadmium and molybdenum, but, also in these cases, the amounts which could be produced are in the order of 0.1% of the present production. The world's industrial system has not been conceived for recycling ratios that would make such kind of recovery useful. However, it would be too much to say that the task is utterly impossible, since it is, after all, the strategy used by the world's ecosystem. A rough estimate of the amount of copper cycled by the continental biomass is of the order of 1 × 10 4 tons per year [32, 33] . It is a very small amount compared to the human copper production (ca. 1 × 10 7 tons per year), but land plants never ran out of copper over at least 300 million years of existence on this planet.
Conclusions
Adding together very large volumes of low concentration mineral resources easily leads to optimistic estimates of availability "when the market price will be right". But this optimism is misplaced. Prices are just tags stuck on mineral resources by human beings and have no physical reality. It does not matter how expensive a mineral commodity can be in monetary terms: what counts is that extracting it must not require more energy than what the economic system can produce [29] . In the case of minerals used as energy sources, the EROEI of extraction from seawater, processing and using must be significantly larger than one.
Energy requirements are determined by concentration. The extraction from low concentration resources, no matter in seawater or in the earth's crust, is expensive in terms of the energy needed. The analysis presented here shows that, for most elements, extraction from seawater is so energy expensive that it must be considered beyond our possibilities in the short and medium term. The exceptions are the four high concentration elements already being commercially extracted (Na, Mg, Ca, K) and perhaps lithium, which might become a critically important element for a future economy that would rely on lithium batteries for transportation and-perhaps-on fusion energy. All other elements could be extracted from seawater only in amounts too small to be useful for the present industrial economy.
